This paper analyzes and evaluates the possible technical and economical optimization of electricity production by autonomous hybrid power generator from renewable sources integrating an electrochemical storage system. A progressive combination of wind-turbines to photovoltaic modules is carried out in order to minimize the size of the electrochemical storage system over the cost of the resulting autonomous generator. An autonomous system with solar PV is dimensioned with respect to the needs in electricity of a given electrical installation. Beyond the original methodology presented in this paper, the case of the Maroua-Kongola High School site is investigated as applicative example. Considering the "weight" of storage in the overall financial costs of such an autonomous system, the generator is hybridized by attaching wind-turbines to it, adding a possibility of energy production during night and, consequently making the system technically more reliable with a less need of storage capacity and finally, a global production system economically cheaper. By the so called "down approach" dimensioning method, the optimum combination (f, (1-f)) of photovoltaic and wind power contributions in the hybrid system PV-wind power generator is thus determined by adjusting the storage capacity to the source capacities and the operating requirements of the investigated site.
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Introduction
In Africa, the conventional energy sector in general, and the electricity sector in particular, are yet to live up to expectations. Among other problems characterizing the sector, un-availability, un-reliability and low access to power supply are noteworthy [1] . Due to the failure of providing appropriate amount of electrical energy by the power service providers in Africa, the majority of the continent is deprived of electricity, especially the rural areas. While urban areas are easily supplied with electricity through the national grid network, this is generally not the case in rural areas where grid extension has been very slow because of the significant costs to cover distances, geographic barriers such as mountains or forests, and limited budgets allocated by operators or by governments for this type of activity. In 2010, nearly 590 million of Africans (57% of population) had no access to electricity. If trends in energy do not change, Africa still count, in 2030, 655 million people (42% of population) without access to electricity, the majority of the population thus being deprived of the right to a healthy and productive life [2] . Electricity consumption is reserved only to high-income households besides the commercial and industrial enterprises. South Africa is the leader of electricity in the continent with about 45% of total generated electricity followed by North Africa with around 30% of production. This, in fact leaves Sub-equatorial African population which constitute 80% of the continent's population, with only 24% of total electricity generated in Africa [1] .
However, Sub-equatorial Africa is naturally blessed with substantial renewable energy resources including solar and significant wind potential. These renewable energy resources have not been exploited to their full potential, mainly due to the limited initiatives and investment levels added to technical and financial barriers. But renewable energy technologies are suitable for off-grid services, serving the remote areas without having to build or extend expensive and complicated grid infrastructure. Therefore standalone system using renewable energy sources have become a preferred option [3] . Indeed, the inconsistent nature of renewable sources of energy such as wind or solar makes their exploitation irregular; however an energy storage system should guaranty a continuous service. But, setting up an energy storage system is very expensive and may constitute an additional setback for a potential investment on such projects in Africa. All these cannot justify but may well explain the under-exploitation of substantial renewable energy resources and therefore the low paced development of Renewable Energy Technologies (RETs) in the continent [4] .
Several solutions have been proposed to date, including wind generators connected to the grid [5] [6] but also micro-concentrating solar power (µ-CSP) technology, and photovoltaics hybridized with LPG/Propane and µ-CSP [7] . Most of the solutions are not economically feasible in the context of sub-equatorial Africa.
This paper proposes an autonomous hybrid solar photovoltaic and wind power generator as a technical and economic solution to the issue. The first step consists in dimensioning and evaluating the cost of an autonomous PV generator and the corresponding wind power generator. A high school in a rural zone in sub-Saharan Africa is chosen for this evaluation. The second step will dedicated to optimizing the production and cost of the installation by associating wind-turbines to the photovoltaic generator to improve its efficiency, reduce the electrochemical storage system size, and optimize the global cost.
Experimental context and initial parameters
To illustrate our approach, solar energy has been chosen over wind energy as primary power source of the hybrid generator due to the availability of the former in the region as compared to the latter [8, 9] . Thus, the adopted methodology consisted at first, to fully size an autonomous PV generator with electrochemical storage for a three days autonomy, which can meet the electric charge to satisfy. We have chosen a secondary school located in a rural area, the Maroua-Kongola High School [10] . For want of field measurements of the local solar radiation data, we have used those of NASA satellites gotten from NASA Surface Meteorology and Solar Energy website [11] . The cost of the generator is then assessed and the proportion due to the storage system emphasized. In order to optimize the overall cost of the generator, the second step of the procedure is the optimization of the storage system size by adjusting it to the imperative needs of the school. It will then issue hybridize autonomous PV generator by successive addition of wind-turbines based on wind data measured on site in Maroua-Salak airport; the so called "down approach" dimensioning method is employed [10] . Finally, a comparison of the costs of different resulting hybrid generators obtained is done, and the least expensive hybrid generator will be retained as a technical and economic solution for rural electrification in sub-Saharan Africa in our case.
The hybrid autonomous system
A schematic description of the hybrid autonomous system design is shown in Fig.1 . The hybrid system includes solar panels, wind-turbines, a regulator, an inverter and a batteries bench. 
Total daily load
In order to properly size a photovoltaic generator, losses due to the system have to be considered, these typically represent 30% of the total load of the system [12] . Thus, as E is the daily required energy of the installation, the total daily load T E of our system is given by equation (1) .
Regional factor of solar radiation
Earth is divided into 5 regional factors of solar radiation [13] . These regional factors take into account the duration of daily solar radiation and annual local temperatures. As shown in Fig.2 , sub-Saharan Africa is in the category 5, corresponding to a radiation factor F r = 5. This value is found to be lain in between 4.84 -6.56 kWh/m 2 /day corresponding to the range of average values of solar radiation incident on the investigated site over a period of 22 years provided by NASA (Table 2) . Therefore this radiation factor is compatible and will be used for the design of the autonomous PV generator. 
Meteorology data and daily load profile of the study area
Solar radiation data of Maroua-Kongola High School, the investigated site are summarized in Table 2 . These are obtained from the NASA Surface Meteorology and Solar Energy website using the geographical coordinates of the site in Table 1 [14, 11] . NASA meteorological data were obtained from observations and satellite measurements, and are available for any point on the surface of the globe. This data set was developed by the NASA research center to allow analysis of projects in areas for which there are no data to ground measurements or energy resource maps. All of NASA's data is the result of 22 years of observations from July 1983 to June 2005. The wind data used in the "bottom approach" to size the wind-turbines are those obtained from the meteorology station at the Maroua-Salak airport area, a location very close to the site under investigation. The wind mean speed variation over a year is given in Table 3 . Monthly wind direction  36°N 35°N 36°N 18°N 18°N 18°N 18°N 18°N 18°N 18°N 36°N 36°N The electrical equipment of the study case illustrating our approach, the Maroua-Kongola High School, and their power consumption are summarized in Table 4 below. This high school is located in the periphery of the city of Maroua in Cameroon. It consists of seven buildings sheltering classrooms for students from the grade 5 to grade 12 and administrative offices. There are electrical installations in the buildings but they are not connected to any electrical power supply. A summary of the needs in electrical energy of this installation is given above; additional equipment is considered for the improvement of the working environment and the comfort of teachers and students.
Design of the stand-alone PV generator and wind power generator

Design of the autonomous PV generator
The final optimal system to be designed is that of Fig.1 above. But first, the approach adopted here consists in sizing an autonomous PV generator for the entire electrical charge described in Table 4 .
Determination of the number of PV modules
Solar panels manufactured by SIEMENS are chosen due to their availability, reliability and economic competitiveness in the local market. The characteristics of the panels are given below:
• Power :
The amount of daily production of energy by one solar panel is then:
where d E is the daily produced energy, 1 P the peak power of one PV panel, and Fr the radiation factor
The number PV N of PV modules necessary to power the system would then be:
However, this number corresponds to a nominal voltage of a generator equal to 12V; in fact for a PV generator, the rated voltage should be chosen according to the peak power c P of the installation, Table 5 [15] . It is therefore recommended that the rated voltage of the generator is 48 V. In these conditions, the panels have to be associated in series/parallel in order to obtain that nominal voltage; a schematic representation is given in Fig.3 . The number N s of elements connected in series, and the number N // of branches are given by equations below. 
Optimal inclination of PV modules
A solar panel captures the maximum energy when it is perpendicular to sun radiations. However, the incident angles of these radiations vary during the day and during seasons; the optimal inclination of a solar panel generally applied is therefore a fixed angle [12] . It is chosen based on the energy production during the least sunny month of the intended exploitation period, facing south in the case of the site under investigation. The optimal inclination of the modules discussed in the present paper is therefore 15° (Tables 1 & 6 ). 
Sizing of the batteries bench
The choice of the batteries is made by taking into account the capacity, the load time, the depth of discharge, and the weight of the batteries. The product availability and cost are also two important parameters that have to be taken in consideration. IBCC limited [16], a local company, sells commercial batteries whose characteristics are summarized in Table 7 . Lead batteries with nominal voltage of 6 V and capacity of 300 Ah were chosen because they have a better tolerance to the high temperatures that prevail in the region. They can be put together in series and or parallel to obtain 6, 12 up to a maximum of 48 volts. Their maximum lifetime is 10 years. To determine the number of batteries, we have considered a usual local delay for this kind of installation necessary to assume a full autonomy of the installation equal to 3 days. Under these conditions, the total energy E s necessary to store is given by We have also considered the depth of discharge of each battery and its charge efficiency b η equal to 80%. The total nominal capacity C n is given by equation (7) b bt n C C η × = % 80 (7) This value must be compared with the total storage capacity C bt of the batteries given by equation (8) b s bt U E C = (8) with b U , the voltage at the battery terminals.
In order to obtain an output voltage of 48 V, eight batteries must be connected in series forming a unit branch of 300 Ah of capacity C b , and giving the number of battery by equation (9) ) / ( 8
The total energy to be stored in the batteries is thus equal to 3039 Ah, which achieved 4748 Ah when the depth of discharge of battery is taken into consideration. Thus, 127 batteries of this type are necessary in the autonomous generation system.
The regulator and the inverter
For the reasons of product availability and the technical characteristics, the Morningstar Solar Regulator 60A-12V/ 24V/ 48V, and the inverter Power Ware 9355 30 KVA AUT MN 3 X 9 AH MBS fit to our project.
The autonomous PV generator cost estimation
The assessment of the autonomous generator cost is given by In Fig.4 , one can observe that the storage cost represents more than 60% of the total cost of the installation; it is precisely this cost that generally prevents investors from getting involved in the solar energy sector in subequatorial Africa. Also, it is thought that the combination of wind-turbines to the autonomous PV generator will contribute to the optimization of the system by economically reducing the cost of storage and minimizing the technical necessity of a great number of autonomy days. 
The corresponding autonomous wind power generator
As previously discussed, the "down approach" is adopted to size the autonomous wind generator for the whole charge of d kWh / 62 . 48
, corresponding to
The HUMMER 1000 is chosen as wind-turbine reference for its characteristics corresponds to the wind data on the study site [10] . The power that such a wind-turbine is able to generate on this site is then equal to W P f 6 . 832 = and the number W N of wind-turbines necessary is given
where Int represents the integer value of the quotient of the division.
In this case, 03 wind-turbines of the selected type must be associated in the autonomous wind power generator. This will assume a daily power production, in the best scenario, equal to kWc 49 . 2 . Three days autonomy of the system requires 127 batteries, the same quantity in the previous autonomous PV system. However, the cost of such an installation is found to be much cheaper than an autonomous PV system as shown in Table 9 . But the fact that wind is an uncertain source of energy; added to the weak efficiency of windturbines, hardly exceeding 35% [18], make the solar energy the best option in the region.
Design of the hybrid system
The solution of hybrid systems in electricity generation from a renewable source is often recommended to compensate the intermittent and random nature of the two types of energy sources used, the solar and wind energies [19] . Here, it is adopted as a solution to the high and not motivating cost of our PV production facilities. Indeed, as shown in Fig.4 , this cost is largely due to the storage batteries that ensure continuity of power supply at times of production deficit. The primary objective is to reduce the amount of batteries needed, while maintaining the same level of reliability for the electricity supply. 
Optimal sizing of the hybrid autonomous system
In Table 9 , we present the comparison of costs between different possible autonomous systems and one can remark that investment in wind energy is relatively much cheaper in the region as compared to solar PV. It is therefore believed that its combination with PV will result in a reduction of the overall cost of the installation, and a more reliable system since the intermittent and unpredictable nature of these two sources will inter-compensate. However, the couple (f, (1-f) ) of the fractions of solar and wind energy must be well chosen. The goal being the optimization of the system cost by reducing the storage size, this couple will be determined by adjusting the storage capacity to the most essential needs of the school daily energy requirement, Fig.5 . Thus, thanks to the "down approach" method, the market's wind turbines option leads to the conclusion that 3 HUMMER 1000 turbines at most are necessary to satisfy the total installed load (see section 3.3). A simulation of the hybrid system with f values corresponding to 0, 1, 2 or 3 wind-turbines will be carried out; 0 corresponding to the previous stand-alone PV generator for the entire load and 3 to the corresponding autonomous wind generator. To compare the size and costs, only the costs of PV modules, wind-turbines and the batteries are taken into consideration, others do not vary much from one system to another.
Analysis of the various possible technical and economical solutions
The proposed optimization being the adjustment of the storage capacity to the most essential needs in energy demand of the high school, these happen to be light and office electrical needs. Fig.5 shows that these needs represent about 60% of the total demand, and Table 9 indicates that the one wind-turbine solution fits perfectly as the optimal solution for the High School of Maroua-Kongola. This hybrid generator can fully support 59% of total demand and costs nearly half as much as the stand-alone PV generator, and even much cheaper than the stand-alone wind generator as shown by Fig.6 .
(*0 '*0 %)0 '0 For the selected hybrid 01 wind-turbine system solution, the remarkable decrease in the storage size compared to that of the autonomous PV generator is observed: we move from 127 to only 75 storage batteries. However, the cost proportion of storage remains at an even higher level for each hybrid generator obtained, see Fig.6 and Fig.7 . Fig. 7 better illustrates this observation; it is totally being similar to Fig.4 corresponding to the standalone PV generator. But that similitude is misleading because the overall cost of the solution has been drastically reduced to less than 60%. Nevertheless, further studies still necessary to definitely optimize the storage size of the autonomous hybrid PV/Wind-turbine power generator.
Conclusion
In this contribution we have proposed a top-down method for the optimization of electricity production by an autonomous hybrid power generator from renewable sources, which abound in subequatorial Africa, mainly solar and wind. This method consists to adjust the electrochemical storage system size to the most essential needs in energy requirement, and then to hybridize an autonomous generator allowing the technical improvement of the reliability and economical reduction of the global cost of the system. From local meteorological data of the investigated applicative site, this method was applied for the sizing of an optimum hybrid generator for domestic electricity needs of a rural area high school, chosen as example. The complete design of an autonomous PV generator has been carried out. Then, in order to optimize the basic investment cost, the size of the storage system has been adjusted to the most imperative needs of the applicative site. The addition of wind power generators to the stand-alone PV generator improves the productivity of the system. Even though this has helped to decrease significantly, to more than 43%, the overall cost of the installation, the fraction of the storage cost on the overall charges is very high.
The method, presented here on a specific example can be applied for any site when hybrid, autonomous and renewable energy generator is considered, especially for rural electrification in sub-equatorial area of Africa.
In a future approach, one consider to optimize the couple (N PV , N B ) for the adopted solution by methods such as LPSP (Loss Power Supply Probability) or, seeing the high temperatures in the region, by introducing thermal solar to produce enough steam to run a steam turbine generator for balance.
